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Abstract 
Researcher: Mohanad Abdulazeez Abdulraheem Alfellag 
Title: Modeling and experimental investigation of parabolic trough solar 
collector 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Science in Mechanical Engineering 
Year: 2014 
     In this thesis, a mathematical model is applied to study the performance of a parabolic 
trough solar collector (PTSC). The proposed model consists of three parts. The first part 
is a solar radiation model. In this section, the amount of solar radiation incident upon 
Earth is estimated using equations and relationships between the sun and the Earth. The 
second part is the optical model. This part has the ability to determine the optical 
efficiency of PTSC throughout the daytime. The last part is the thermal model. The aim 
of this section is to estimate the amount of energy collected by the working fluid, heat 
loss, thermal efficiency, and outlet temperature. All heat balance equations and heat 
transfer mechanisms: conduction, convection, and radiation, have been incorporated. The 
proposed model is implemented in MATLAB software.  
     In addition, an experimental investigation was conducted on parabolic trough solar 
collector. The test was carried out at Embry-Riddle Aeronautical University, Daytona 
Beach, FL on February 19, 2014. A test rack was used during the experimentation. It 
contains a circulating pump, a storage tank, a heat exchanger (radiator), and flow meter. 
Thermocouples were used to measure the inlet and outlet temperature of PTSC (the 
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second trough). Water is used as a working fluid. After data were recorded, thermal 
performance analysis was performed.  The results indicate that a maximum temperature 
of 48  was achieved and a maximum efficiency of 30 % was obtained.  
     Lastly, comparisons between the experimental and modeled results have been carried 
out for validation purpose. The results show acceptable agreement even though there are 
some variances. This deviation is accounted for in the heat loss from the connectors, 
supporting brackets, location of thermocouples, accuracy of thermocouples and 
thermocouple reader, and accuracy of heat transfer equations. 
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Chapter 1  
Background 
1.1 Introduction 
      In the recent years, energy consumption has been increased significantly with the 
increase of population. According to the Word Energy Outlook (2012), energy demand is 
estimated to be increased more than one-third for the period between 2012 and 2035 [1]. 
Fossil fuel is still prevailing among other carbon fuel sources for global energy supply. 
According to the International Energy Outlook, 84.7% of the world energy consumed is 
provided by fossil fuels [2], and that leads to many problems: economic and 
environmental. The Department of Energy & Climate Change (DECC) proposed a fossil 
fuel price projection stating that the price of fossil fuel is predicted to be grown from 
$110 (current price) to $135 by the year 2030 [3]. Higher fossil fuel costs impact the poor 
countries that spend a lot of money to buy fossil fuels in order to cover the energy needs 
of people. Besides high fossil fuel prices, global warming is another impact of highly 
utilizing fossil fuels. By burning fossil fuels, green gases such as carbon dioxide (CO2) 
are brought out which lead to rise the temperature of the dry land and cause global 
warming.  According to International Energy Agency (IAE), fossil fuel emissions of 
carbon dioxide (CO2) have hit 30,326 million tons in 2010 compared with 15,637 million 
tons in 1973 [4].  
     These economic and environmental impacts have led the word to convert to the 
renewable energy sources to produce environmentally friendly energy, which lowers 
dependency on fossil fuel sources and decreases the environmental and economic issues. 
Solar concentrating thermal technologies including parabolic dish, parabolic trough, and 
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compound parabolic trough are one of the renewable energy sources that are widely used 
currently providing a non-polluting and permanent energy. In this thesis, the focus will be 
on the parabolic trough solar technology, which is the most established and proven 
technology available today for collecting solar energy.  
1.2 Parabolic trough technology development 
      In 1870, John Ericsson, a Swedish engineer, built the first parabolic trough solar 
collector (PTSC) with 3.25 m
2
 aperture collector. The aim of the design was to generate 
steam inside the collector and then drive a motor of 373 W. During the next years, he 
built seven systems similar to the first one. However, he used air instead of water as a 
working fluid. In 1883, Ericsson built a large PTSC system displayed in New York. The 
parabolic trough collector was 3.35 m long and 4.88 m wide which focuses the sunrays 
on a 15.88 cm diameter boiler tube. The trough comprised of wooden staves, and iron 
rips that were attached to the sides of the trough. The reflector surface was made of 
window glass, and they were installed on staves. The whole system tracked the sun 
manually [5]. In 1907, Wilhelm Meier and Adolf Remshardt from Germany obtained a 
patent on parabolic trough collector technology. The goal of the system was to generate 
steam [6].  
     From 1906 to 1911, Frank Shuman, an American engineer, constructed and tested 
several solar engines including different sorts of non-concentrating and low concentrating 
solar collectors. Some of these collectors were utilized for pumping water for irrigation in 
Tacony, Pennsylvania. After gaining experience with these systems, in 1912, he 
constructed a large irrigation pumping plant as shown in Figure 1.1 in Meadi,small 
village near Cairo, Egypt, with the help of an English consultant, Charles Vernon Boys. 
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An alternative change was suggested by C.V. Boys, which is that glass-cover boiler tubes 
were positioned along the parabolic trough collector. The system consisted of 5 rows of 
PTSC facing north-south. Each row has a length of 62.17 m and width of 4.1 m with 
absorber diameter of 8.9 cm and concentration ratio of 4.6. The total collecting surface 
was 1250 m
2
, and the total land area occupied was 4047 m
2
 [5] [7]. The system was 
capable of producing 27,000 liter of water per minute [6].  
     In 1936, C.G. Abbot used a PTSC and a steam engine to convert the solar energy to 
mechanical power with an overall efficiency of 15.5%. To reduce heat loss, He used a 
single tube covered double-walled evacuated glass placed along the PTSC. The system 
was designed so that saturated steam was produced at 374  after exposure the PTSC to 
the sun for five minutes [7,5]. 
     Parabolic trough technology had not been developed for the following 60 years. 
However, PTSC activities started again in the mid-1970s in response to the oil crisis. 
Honeywell international Inc. and Sandia National Laboratories developed two collectors 
in the mid-1970s in The United States, and they were designed to function with 
temperatures below 250  . Later, in 1976, three PTSCs were constructed and tested at 
 
 Figure 1.1 Irrigation pump plant in Meadi, Egypt. Adopted from [6] 
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Sandia to 3.66 m long, 2.13 m wide, and black chrome coated absorber covered by 4 cm 
glass envelope [8]. 
      In 1979, a company, LUZ international Inc., was constituted in The United States and 
Israel, and the goal was to develop and construct cost-effective parabolic trough 
collectors for solar thermal heat applications. Luz built three new generations of 
parabolic trough collectors which known as; LS-1, LS-2, and LS-3 (Figure 1.2 ) which 
were installed in Solar Electric Generation Systems (SEGS) plants. The first two 
generations, LS-1 and LS-2, had similar assemblies. They had same length, but the 
aperture width of LS-2 is twice of LS-1. The structure was based on a rigid structural 
support tube known as the torque tube. In LS-3, the length was twice of LS-2, and the 
width was 14% wider than LS-2. An alternative mode of tracking was adopted which is a 
hydraulic control system instead of mechanical gear [5] [9]. 
     In the19 80s, parabolic trough technology was introduced into the marketplace. Many 
American companies manufactured and sold parabolic trough collectors such as: 
 Acurex Solar Corp manufactured Acurex 3001 and 3011 models 
Figure 1.2  Front and back view of LS-3 collector [5] 
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  Suntec Systems Corp. –Excel Corp manufactured IV and 360 models  
  Solar Kinetics Corp built T-700 and T800 models 
 Solel solar energy constructed IND-300 model 
 The Suntec Systems Inc. built IV parabolic trough collector model 
     In 1998, a group of European companies and research laboratories was founded to 
develop and build a new generation of PTSC. After studying many different collector 
structures, the first reading of a new figure was constructed which is known as ET-100. 
The model consisted of 8 modules with an aperture area of 545 m
2
. After that, the second 
version was developed and named as ET-150. It had a number of modules of 12 with an 
aperture area of 820 m
2 
[9]. 
     In 2003, a third version of European collector was constructed, and it was named as 
SKAL-ET. It had a modules number of 12 with effective aperture area of 4360 m
2
. It had 
been erected at SEGS-V plant in California, USA since that time [5]. 
     In 2005, a new PTSC called SENERTROUGH-I was developed by the Spanish 
company, SENER. It had the same size as the LS-3 collector, but the support structure 
was same as LS-2 collector. A loop of 600 m of SENERTROUGH-I collector was 
installed in the Andasol -1 concentrating solar power plant in Spain [5] [10]. 
      Presently, there are several types of  PTSC. Some of them have released in the 
market, and others are under development [5]: 
 Solel Solar Systems is working to develop an advanced design called Solel-6. The 
new design is based on LS-3 but with different structure approach.  
 Solarlite, a German company, constructed a new DSG collector for generating 
steam up to 400 C, and it is used for two pilot plants. 
6 
 
 SkyFuel Company developed a new collector called SkyTrough. It has 
dimensions similar to LS-3 collector, but it has different reflecting surface 
materials.  
 A small low cost collector, Soponova 4.0, built by Sopogy MicroCSP (USA). It is 
designed for solar power generation with a capacity of 250 KW -20 MW. It is 
3.66 m long with 1.52 m aperture width.  
1.3 Applications of PTSC 
     There are various applications of parabolic trough solar collectors. The following 
presents the most common applications.  
1.3.1 Solar power generation 
     Because of the increased level of CO2 emissions and energy consumption, solar 
thermal power has been widely applied. PTSCs can be integrated with solar thermal 
power plants in two ways: first, running a steam turbine by steam generated directly from 
PTSCs which is known as DSG technology, and second, heating up a heat transfer fluid 
(HTF) in the solar field, and then use it in a heat exchanger to generate steam that drive 
the steam turbine. In both cases, PTSCs can run all sorts of steam turbine power plants, 
including Rankine with superheat, Rankine with regeneration, Rankine with reheat, 
organic Rankine cycle which produces vapor from an organic fluid instead of water [5].  
     The most current example that uses parabolic trough collectors to produce electricity 
is the nine commercial solar energy generating systems (SEGS). They are constructed 
and installed in the Mojave Desert, California, with a total capacity of 354 MW. The first 
three plants have a capacity of 14 MW while the next six plants have a capacity of 30 
MW. The last two plants are 80 MW [11]. 
7 
 
      A schematic of SEGS plants is presented in Figure 1.3. As seen, the major 
components of the plants are the PTSCs, circulating pumps, power generation block, 
natural gas auxiliary subsystems, and controls. On the solar field side, a heat transfer 
fluid (HTF) is heated by PTSCs and then pumped to a steam generator and superheater 
where steam is generated and piped back to the PTSCs. On the power generation side, the 
steam piped to the turbine producing mechanical power that drives an electric generator. 
The steam leaving the turbine is cooled by a condenser and pumped again to the heat 
exchanger. The cycle is repeated again and again [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Generator 
  LP 
Superheater 
Steam 
Generator 
Condenser 
  Boiler 
  HP   
Turbine 
 Cooling 
Tower 
 Solar Steam Loop 
Figure 1.3 Typical schematic of SEGS plants [12] 
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1.3.2 Solar refrigeration  
     The energy demand associated with the refrigeration requirement in the food 
processing industry has noticeably increased in the recent years. Hence, the interest of 
renewed refrigeration systems powered by solar energy has become wide through 
theoretical and observational tasks.  
     There are several options that can integrate PTSC with refrigeration systems. 
Absorption units powered by PTSCs are an example of solar refrigeration with two most 
common combination of fluids used; lithium bromide-water (LiBr-H2O) and ammonia-
water (NH3-H2O). Figure 1.4 shows a schematic of a thermally driven absorption 
refrigeration system. The major components of the system are absorber, generator, 
condenser, evaporator, heat exchanger, pumps, and expansion valves [12]. In the 
generator, heat is added to the refrigerant by the PTSCs, the refrigerant vapor exiting the 
generator flows to the condenser where heat is rejected. Then, the liquid flows through an 
expansion valve to reduce the pressure. In the evaporator, the heat from the evaporator 
load is added to the refrigerant, converting the liquid to vapor.  The refrigerant vapor is 
absorbed by a weak solution, resulting in a strong solution. There is a heat rejection in the 
absorber due to changing the refrigerant vapor to liquid. The liquid pressure is increased 
to the condenser pressure using a liquid pump. The strong solution is preheated in a heat 
exchanger using warm weak solution flow from the generator. Then, it goes into the 
generator, and it is heated by solar field. Meanwhile, the weak solution passes to the 
absorber through the heat exchanger and expansion valve [13]. 
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1.3.3 Solar desalination  
      Water is one of the most abundant resources on the earth. It covers ¾ of the surface of 
the planet. There is only about 3% of fresh water on the earth distributed in rivers, lakes, 
and ground water, providing water needs for human beings. On the other hand, 97% of 
planet’s water is salty water represented by oceans and seas. The demand of fresh water 
has become an urgent need as a consequence of rapid industrial growth, contamination of 
rivers and lakes, and population explosion [14].  
     Water desalination requires large amounts of energy. 230 million tons of oil per day 
has been estimated to be used to desalinate 25 million m
3
/day of salty water [12]. 
Parabolic trough technology can be utilized to desalinate seawater since it is abundant in 
many parts of the word. There are two categories used to desalinate water. 
 Direct collection system 
 Indirect collection system 
Input Heat 
(Cooling Effect) 
Rejected Heat 
Expansion 
Valve 
Condenser Generator 
Heat Exchanger 
Absorber Evaporator 
Pump 
Vapor 
Weak 
Solution 
Vapor 
Strong 
Solution 
Rejected Heat 
Input Heat 
PTSCs 
Figure 1.4 Basic principle of the absorption air conditioning system [12] 
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     The first category uses PTSCs directly to desalinate salt water. The salt water is 
pumped through the troughs, and as it flows, separation of salt and fresh water is 
achieved. The second category requires two sub-systems; one for energy collection 
represented by PTSCs and the other for desalination. A HTF is circulated inside the 
PTSCs and provides the required heat to a steam boiler while salt water is pumped 
through the steam boiler and condensed to produce fresh water [14]. 
     There are more other applications of parabolic trough collectors, including industrial 
heat process (IHP), hot water and space heating, cooking, pumping irrigation water, solar 
furnaces, solar chemistry, and other applications.  
1.4 Objectives of the study  
The proposed study has the following aims; 
  Developing a mathematical model to analyze the performance of parabolic 
trough solar collector (PTSC) using  MATLAB software. 
  Experimentally investigating the PTSC in order to evaluate thermal 
performance of the system. 
 Validating the theoretical model with the experimental results. 
1.5 Organization of the study 
     This thesis consists of six chapters. They are briefly introduced in the following text. 
Chapter One gives a background of the parabolic trough technology, including the 
historical development of the technology and its applications. In addition, this chapter 
discusses the previous studies that have been carried out regarding the parabolic trough 
technology. 
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Chapter Two discusses solar radiation falling on the earth, including solar angles, 
extraterrestrial radiation, and terrestrial radiation, and a model has been developed to 
estimate the amount of solar radiation that hits the earth depending on several factors. 
Chapter Three presents a mathematical model of the PTSC in detail. All heat transfer 
equations and correlations have been applied and implemented in MATLAB. 
 Chapter Four illustrates the experimental setup of the PTSC, and all equipment used in 
the test are presented in detail.  
Chapter Five presents the results of testing PTSC, and a validation of the mathematical 
model is indicated as well.  
Chapter Six gives a conclusion of the study along with some recommendations that may 
be followed for future study. 
1.6 Literature Review 
     Many studies have been developed and carried out regarding modeling of parabolic 
trough solar collector (PTSC) technology. In the following, 13 research papers related to 
the present work are studied, analyzed, and summarized.      
      Ouagued [15] carried out a numerical model of a parabolic trough collector under 
Algerian climate. In this model, the receiver is divided into several segments, and heat 
transfer balance equations which rely on the collector type, optical properties, heat 
transfer fluid (HTF), and ambient conditions are applied for each segment. This work led 
to the prediction of temperatures, heat loss, and heat gain of the parabolic trough. Results 
indicated that with the increase in temperature of absorber tube and heat transfer fluid 
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(HTF), the heat loss of the parabolic trough collector increases and also heat gain 
decreases.  
     Archer [16] developed a mathematical model of parabolic trough collector used for 
solar cooling and heating by using energy balance correlations between the absorber tube, 
glass tube, and surroundings. The proposed model is validated with experimental data in 
several operating cases, which are HTF, direct normal solar radiation, wind velocity, and 
temperature. The results of the comparison between the mathematical model and the 
experimental data indicate some differences, including high measured glass temperature 
and low measured efficiencies. These differences are attributed to heat loss at the 
supports and the connectors and the low assumption of the absorptivity. Some 
recommendations have been suggested regarding the bellow connection and glass tube. 
     Bell [17] conducted a theoretical and experimental study to assess the heat loss of 
parabolic trough collector in China. Firstly, a one-dimensional model is developed in 
MATLAB, and major factors regarding the heat loss have been analyzed. The results 
show that the coating emittance and vacuum condition have high remarkable effect on the 
heat loss of the receiver. On the other hand, the environmental conditions have a 
negligible influence. The comparison of the one-dimensional model and the experimental 
data are not accurate because of ignorance of different heat loss mechanisms happening 
at the receiver’s ends. The model is validated by preforming test with the ends covered.  
Additionally, for more investigation, a three-dimensional model has been developed by 
using CFD software. This model is validated with experimental data of IR photo and 
heater powers. The results show that high conductive heat loss is occurring because of the 
13 
 
supporting bracket and bellow under non-vacuum condition. By integrating the 1D and 
3D models, the comparison with the test data indicate a good agreement.  
     Hachicha [18] developed a numerical model of a parabolic trough receiver for 
thermal and optical analysis. All the heat energy balance correlations are used in order to 
perform the model. A mathematical -geometric method is applied to estimate the heat 
flux around the receiver. The model is verified by experimental data done by Sandia 
National Laboratories. The results indicate some differences at high temperatures, and 
these discrepancies are due to optical properties of the collector. Another reason why the 
comparison is not accurate is that there is some error using the equations related to the 
heat transfer coefficient. In addition to that, another validation of the proposed model is 
done with experimental data of un-irradiated receivers. The results indicate that the 
proposed model can well estimate the heat loss and temperature.      
     Coccia [19] presented a mathematical model of a parabolic trough collector which is 
described in detail using all correlations, parameters, and variables. The model predicts 
the optical, thermal, and global efficiency of PTSC as well as other parameters like 
temperatures and heat flux of all parts of the receiver. A prototype has been designed, 
installed, and tested in order to verify the proposed model. The experimental data and 
model predictions indicated that there is a good agreement with an average error of 5 % 
and maximum error of 14% using water as heat transfer fluid (HTF) in the range of 25-75 
 .  
      Dudley [20] tested a SEGS LS-2 parabolic trough receiver to estimate the efficiency 
and the thermal losses of the collector. The test is performed with two different coating 
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materials of the absorber coupled with three receiver configurations; vacuum, lost 
vacuum (air), and no glass envelope. Each configuration has great effect on the receiver 
performance. The cermet selective coating has higher performance than the black chrome 
coating, and when the air exists in the annulus, the performance of the collector 
decreases. A one-dimensional model is developed and compared with the experimental 
results. The model shows that the receiver performance is as a function of operating 
temperature, incident angle, and input insolation value. 
     Forristall [21] developed a model, determining the performance of parabolic trough 
solar collector (PTSC). The model is implemented in Engineering Equation Solver 
(EES). All the heat transfer correlations, equations, parameters are described in details. 
Four different versions of EES are used for the proposed model. Two versions are used 
for preforming heat collector element and parameter studies, and the other versions are 
used for validating the theoretical model with the experimental data. The model is 
verified by field test data conducted by Sandia National Laboratories. Several 
recommendations and suggestions have given for improving the performance of the 
collector.  
      Brooks [22] conducted a study on the performance of the parabolic trough receiver in 
South Africa using ASHRAE 93-1986 standard. An evacuated glass shielded and 
unshielded receivers have been tested using water as a working fluid. Results show 
maximum thermal efficiencies of 53.8% and 55.2 respectively. In addition, Heat loss 
coefficient is reduced 50% when the collector is exposed to the wind. A description of 
performance and heat loss of the collector under increased angles of incidents is carried 
out in the paper also.  
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     Padilla [23] preformed a one-dimensional numerical model of a parabolic trough 
collector. The collector has been divided into several segments. Heat transfer balance 
equations and correlations are applied for each segment, and the partial equations and 
non-linear algebraic equations have been solved. The model is validated by experimental 
data performed by Sandia National Laboratories, and also it was compared with other 
one-dimensional models; Forristall [21] and Velazquez [24].The results show a good 
agreement between the model and (SNL) test and the other heat transfer models as well. 
A reduction of 41.8% of convection heat transfer losses in case of glass envelope broken 
results in improvement in the proposed model. According to the obtained results, this 
numerical model is appropriate for estimating the thermal efficiency and heat losses 
under many different conditions; flow, selective coating, and operating conditions.    
       Kalogirou [25] presented a detailed thermal model of parabolic trough solar 
collector (PTSC) implemented in Engineering Solver Equation software. The proposed 
model takes into account the three mechanisms of heat transfer; conduction, convection, 
and radiation. Conduction heat transfer is occurring through the absorber metal and 
through the cover glass. Convection heat transfer is happening in the absorber working 
fluid and in the annulus between the absorber and the cover glass and from the glass 
cover to the ambient. Finally, radiation is occurring from the glass cover to the absorber 
metal to the sky. A verification of the proposed model is carried out with experimental 
data done by Sandia National Laboratories. The results of the model and the experimental 
data indicate a good agreement with each other.  
      Chalqi [26] performed a mathematical model of the parabolic trough receiver. Heat 
exchange between the components of the receiver in an Integrated Solar Combined Cycle 
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Plant (ISCC) has been studied, and in the obtained model, the heat transfer fluid 
temperature and the glass temperatures are evaluated. Also, a good vacuum between the 
inner and outer tube of the receiver is considered to reform the new model. After 
simulation is done, results showed that the fluid temperature and the glass temperature 
rise gradually until getting a specific equilibrium value.   
     Yaghoubi [27] measured the heat loss in the heat collector field of 250 KW solar 
power plants in Iran for various conditions. Experimental and numerical analysis have 
been done for comparison. Three different tubes are used; vacuum, lost vacuum and 
broken glass, and an infrared camera (IR) is used to evaluate the temperatures around the 
tube. The results showed that the heat loss of the lost vacuum (air) tube is 40% higher 
than the vacuum tube, so 3-5% of the efficiency of the collector is reduced. For the 
broken glass, the calculations showed that the thermal performance is 12-16% reduced. 
      In this thesis, a 2D model has been developed. The receiver is divided into several 
segments, and heat balance correlations are applied for each segment of the trough. This 
model estimates the thermal performance of the whole system as well as heat lost to the 
ambient. Validation of the model has been carried out also through preforming tests on 
the PTSC.   
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Chapter 2  
Solar Radiation 
     The sun is a sphere with a radius of         m and a distance of          m from 
the earth. The temperature of the sun is 5777 K, and the estimated temperature at the 
center of the sun is       to        K. Its density is 100 times greater than the density 
of the water [28]. The sun is a continual fusion reactor, and there are many fusion 
reactions which have been proposed to supply the sun’s energy. The main reaction is a 
process of forming helium (one helium nucleus) by combining hydrogen (four photons) 
[29]. The sun’s energy is emitted constantly in all directions, and it is divided into two 
forms; extraterrestrial and terrestrial.     
      Wavelengths of spectral intensity range between 0.3    (       to over 3    as 
shown in Figure 2.1. At 0.48   , maximum spectral intensity is occurring. 
Approximately 6.5% of total energy is included in the ultraviolet region (less than 
0.38   ). In the visible region                       around 48% of the total 
energy is contained. The rest of energy, which is 45.6%, is contained in the infrared 
region, λ > 0.78    [29]. 
 
 
 
 
Figure 2.1 Spectral solar irradiance [29]. 
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2.1 Earth-Sun geometric relationship 
      The annual amount of solar radiation received by the earth varies due to the 
changeable distance between the earth and the sun as illustrated in Figure 2.2. The Earth-
Sun distance has a minimum value of             which is called, perihelion, on 
December 21 and a maximum value of             which is called, aphelion, on June 
21 [30]. The average distance between the earth and the sun that is called astronomical 
unit (AU) is            . The earth revolves around itself within an axis that has tilted 
angle of 23.45° with respect to its orbital plane axis [31]. This angle is the cause of the 
changeable solar radiation throughout the year. 
    
 
 
 
 
 
 
 
 
     ° 
Sun 
Dec 21 
Mar 21 
Jun 21 
Sep 21 
Ecliptic axis 
Polar axis 
          m            m  
Figure 2.2 Motion of the earth around the sun [31] 
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2.2 Earth-Sun angles 
     There are numerous Earth-Sun angles need to be explained. They are presented in the 
following text. 
2.2.1 Hour angle     
      The hour angle can be known as the angle through which the earth has to revolve to 
get the meridian of any point straight under the sun [32]. Hour angle varies throughout 
the day as seen in Figure 2.3. For any place, at sunrise, the hour angle has a maximum 
negative value of    °, then, it slowly increases,   ° per hour, while the sun is rising 
until it reaches zero at noon. For the period from afternoon to sunset, hour angle increases 
from zero to the maximum positive value which is     ° [33]. The hour angle   (in 
degrees) can be calculated from the following equation [32]: 
              
 
(2.1) 
Where ST is the solar local time.  
 
 
 
 
 
 
Figure 2.3 Hour angle  𝜔 . Adopted from [34] 
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   Solar local time ST is not the same as the standard time. Therefore, it is important to 
convert the local clock time to solar time. The conversion depends on the longitude, local 
standard meridian, and day of the year. It is given by the following expression [28]: 
                                        (2.2) 
 
Where     stands for the standard meridian of local zone time (  
° for Daytona Beach, 
FL).      represents longitude of the location (   
°for Daytona Beach, FL). The term   
called the equation of the time (in minutes), and it can be determined applying the 
following equation [28]: 
                                           
                             
(2.3) 
 
Where B measured in degrees can be calculated using the next equation [28]: 
 
       
   
   
 
(2.4) 
 
Where n represents the day of the year (        . The equation time is plotted and 
shown in Figure 2.4. 
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Figure 2.4 Variation of the constant B throughout the year 
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2.2.2 Latitude angle     
     Assume that there is a point P at a location on the earth. By drawing a radial line 
connecting the earth center with the projection of this radial line on the equatorial plane, 
an angle is derived, and it is known as the latitude angle     [33] as shown in Figure 2.5. 
It varies between             (    ° for Daytona Beach, FL). 
 
 
 
 
 
 
2.2.3 Solar declination     
     Solar declination is an angle between a line connecting the earth’s and the sun’s 
centers and the projection of the line upon the equatorial plane of the earth [33]. The solar 
declination varies throughout the year because of the earth’s revolving around its axis. It 
varies between a value of       ° on June 21 and a value of       ° on December 21 
[31]. Solar declination angle can be determined using Cooper’s equation [33]: 
 
                       [
   
   
       ] 
 
 
(2.5) 
Figure 2.5 Latitude angle ( ) [34] 
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Where n represents the day of the year (        . The plotting of the equation is 
shown in Figure 2.6. 
 
 
 
 
 
 
 1.2.4 Zenith angle    .  
     Consider a point P on a surface of the earth, the direction PN is called, zenith 
direction, and the direction SP is known as sun’s beam direction. The angle between the 
zenith direction (PN) and the ray of the sun direction (SP) is called as the zenith angle 
    , Figure 2.7. At sunrise or sunset, the zenith angle      is about   
°. However, at 
noon, the zenith angle become very close to  ° [34]. 
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Figure 2.7 Zenith, solar altitude, and solar azimuth angles 
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2.2.5 Solar altitude     
     The solar altitude    is the angle between the horizontal direction (     and the sun’s 
beam direction (SP), Figure 2.7, i.e.      is the solar altitude. The summation of zenith 
angle     and solar altitude    is equal to   
° [34]. 
        
° 
 
(2.6) 
The Solar altitude angle changes with the sun movement. At sunrise or sunset, the solar 
altitude angle is near to zero while at noon, it becomes near to   °. Solar altitude angle 
can be determined using the following expression [32]: 
                                        
 
(2.7) 
2.2.6 Solar azimuth angle        
      The solar azimuth angle is the angle measured between the south direction and the 
sun’s ray as shown in Figure 2.7. The expression used to estimate the solar azimuth angle 
is given by [32]: 
2.2.7 Angle of incidence     
      According to Duffie [28], the angle of incidence is defined as the angle between the 
sun rays hitting a surface and the normal to that surface. The angle of incident varies 
throughout the day and the year, and it greatly affects the solar energy gained by the 
receiver. In other words, the solar radiation is reduced by increase the cosine of this 
 
 
 
          
            
      
 
(2.8) 
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angle. For a plane tilted with an angle of   as shown in Figure 2.8, the angle of incidence 
correlation is given by [28]: 
 
 
 
 
 
 
 
     In order to minimize the angle of incidence and then maximize the solar radiation, the 
solar collectors must move in prescribed ways to track the sun. There are two tracking 
systems for the collectors. First, the collectors rotate about two axes which is considered 
the best way. The second system is that the collectors rotate about single axis; horizontal 
north-south, horizontal east-west, vertical, or parallel to the earth’s axis. For the prototype 
used in this study, the parabolic trough collector rotates about a single axis, which is 
horizontal east-west as seen in Figure 2.9. Thus, the angle of incidence in this case is  
                                          
                                      
                  
 
 
(2.9) 
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Figure 2.8 Angle of incidence (θ) [33] 
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equal to the zenith angle because the tilting angle   is zero [28].  
 
 
 
 
 
 
 
 
2.3 Extraterrestrial radiation  
     Extraterrestrial radiation can be defined as the amount of energy received per unit time 
on a unit area of a surface perpendicular to the sun outside the atmosphere of the earth. 
This solar radiation received at the mean earth-sun distance      is known as the solar 
constant,   . There are several values of solar constant have been proposed ranging 
between 1322-1374 W/m
2
. However, the most accepted solar constant value is 1367 
W/m
2
, and it is used in many references [28,35-37]. As mentioned before, the earth-sun 
distance varies (      from the average distance) throughout the year because the orbit 
 
 
 
           
 
(2.10) 
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Figure 2.9 horizontal east-west tracking system [6] 
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of the earth is elliptical. That leads to a daily variation of extraterrestrial radiation as seen 
in Figure 2.10 which can be calculated applying the following equation [32]: 
 
    (          
     
   
* 
 
(2.11) 
   
 
 
 
 
 
 
 
The relationship between the solar constant and extraterrestrial radiation can also be 
evaluated using inverse square law [36]: 
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*
 
 
 
(2.12) 
Where    is the distance between the sun and the earth,   is the earth-sun average 
distance.  
The term (
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can be determined as follows: 
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Figure 2.10 Extraterrestrial radiation during the year  
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(2.13) 
  can be calculated using equation (2.4). 
2.4 Terrestrial radiation 
     Extraterrestrial solar radiation that passes through the atmosphere of the earth is 
reduced due to reflection (back to space), absorption (by air and water vapor), and 
scattering (molecules of air, dust particles, and water vapor) as explained in Figure 2.11. 
The part of the energy that is directly received at the surface of the earth without being 
essentially scattered is called direct of beam radiation,   , and the amount of energy 
passing the atmosphere and reaching the earth’s surface with being scattered considerably 
is known as sky diffuse radiation,    [31]. The summation of beam radiation and sky 
diffuse radiation is called irradiance.  
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Figure 2.11 Attenuation of solar radiation as it passes through the atmosphere [38] 
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Beam radiation    can be expressed for moving surfaces as it follows [33]: 
             (2.15) 
Where     is beam radiation in the direction of the rays,   is angle of incidence.  
Therefore, the insolation becomes: 
                         (2.16) 
With 
 
        [ 
 
    
] 
(2.17) 
          (2.18) 
A, B, and C are constants which change throughout the year due to seasonal changing of 
water vapor and dust content in the earth’s atmosphere. These constants have given by 
Threlkeld and Jordan and revised by Iqbal [33]. The revised values are presented in Table 
2.1. 
Table ‎2.1 A,B, and C constants [33] 
 
 
                          (2.14) 
Month Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct Nov Dec 
A (W/m2) 1202 1187 1164 1130 1106 1092 1093 1107 1136 1136 1190 1204 
B 0.141 0.142 0.149 0.164 0.177 0.185 0.186 0.182 0.165 0.152 0.144 0.141 
C 0.103 0.104 0.109 0.120 0.130 0.137 0.138 0.134 0.121 0.111 0.106 0.103 
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Chapter 3  
Model analysis 
     In this chapter, a theoretical model of PTSC has been presented in detail. The model is 
mainly consists of three parts. The first part is estimating the solar radiation that reaches 
the collector. This section is described in detail in the previous chapter. The second part 
is optical analysis. The purpose of this section is to determine the optical efficiency of the 
PTSC which is the ratio of the amount of energy arriving to the absorber tube to that hits 
the reflector.  The last part is thermal analysis, and the aim of this part is to predict the 
thermal efficiency of PTSC: the ratio of energy absorbed by the heat transfer fluid (HTF) 
to that hits the reflector. The proposed model is implemented is MATLAB software, and 
it is validated with experimental data.  
3.1 Optical Model 
     In ideal conditions, 100% of the incident solar energy is reflected by the concentrator 
and absorbed by the absorber. However, in reality, the reflector does not reflect all solar 
radiation due to imperfections of the reflector causing some optical losses. The optical 
efficiency relies on many factors such as tracking error, geometrical error, and surface 
imperfections. 
     A cross section of a receiver and a reflector is shown in Figure 3.1. It shows several 
important factors. When incident radiation hits the reflector at the rim collector, it makes 
an angle which is known as rim angle,   . For ideal alignment, the diameter of the 
receiver has to intercept the entire solar image, and it is given by [32]: 
                                                                           
 
(3.1) 
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Where    equal to half of acceptance,    is mirror radius. 
 The radius, r, that is shown in Figure 3.1 can be determined by the following equation 
[32]: 
 
  
  
      
 
 
(3.2) 
  is the angle between the reflected beam at the focus and the collector axis,    is the 
parabola focal length.   varies between 0 and rim angle,   . Thus, the radius,  , also 
varies from the focal length, f, and   , and the theoretical image size varies from 
        to                     [32]. 
Equation (3.2) at the rim angle,   , become: 
 
   
  
       
 
 
(3.3) 
The aperture of the parabola is another important factor which is related to the rim angle 
and parabola focal length, and it is given by [39]: 
 
          
  
 
  
 
(3.4) 
The geometric concentration ratio of tubular absorber can be defined as it follows [39]: 
 
  
     
      
 
 
(3.5) 
Also, the concentration ratio, which is defined as the ratio of the aperture area to the area 
of the absorber [39] is presented in the following equation: 
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(3.6) 
 
 
 
 
 
 
 
3.1.1 Optical efficiency 
      As mentioned before, the optical efficiency of PTSC is defined as the ratio of energy 
reaching the absorber tube to that received by the collector [18]. It can be presented as it 
follows (Mutlak): 
    [            ]         (3.7) 
Where     is the mirror reflectance,      is the glass envelope transmittance,     is the 
absorber surface absorptance,   is the intercept factor,      is incident angle modifier, 
and     is end effect loss.  
Figure 3.1 A cross section of the receiver and the reflector showing 
different angles [32] 
 
𝑊𝑎   
𝐷𝑔𝑜 
𝜃 
𝜃𝑟 
𝑟𝑟 
Solar 
Radiatio
n 
 𝜃𝑚 
𝑓 
𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 
𝑃𝑎𝑟𝑎𝑏𝑜𝑙𝑖𝑐 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 
𝑟 
 𝜃𝑚 
32 
 
3.1.2 Incident angle modifier 
    The incident angle modifier accounts the effect of increasing or decreasing the angle of 
incidence. The incident angle modifier is defined as the ratio of thermal efficiency at a 
given angle of incidence to the peak efficiency at normal incidence [40]. 
 
     
      
      
 
 
(3.8) 
The incident angle modifier relies on the geometrical and optical properties of the 
collector. It can be generated by empirical fit to experimental data, and it is described as a 
polynomial function of the absolute value of      [41]: 
                
  
 
(3.9) 
These parameters will be discussed in the fifth chapter.  
3.1.3 Intercept factor 
      Another factor affecting the optical efficiency is called intercept factor. It is defined 
as the fraction of incident solar flux that is intercepted by the concentrator. Ideally, if the 
mirror and receiver are aligned perfectly and the tracking drive system is perfect and the 
mirror surface is clean without surface imperfections, the intercept factor will be unity. 
However, in reality, there are some errors related to the collector; imperfections of mirror 
surfaces and misalignment of the mirror exist as a result of manufacturing and assembly 
[42]. In addition, there are errors with the accuracy of the tracking system. Forristall [21] 
presents the terms that affect the intercept factor: 
 Heat collection element (HCE) shadowing (bellows, shielding, and support)  
33 
 
 Tracking error 
 Geometry error (mirror alignment)  
 Dirt on mirrors 
 Dirt of heat collection element (HCE)  
 Unaccounted 
3.1.4 End loss 
      At zero angle of incidence, the solar radiation that reflected from the concentrator hit 
the entire heat collection element (HCE). However, when the angle of incidence starts to 
increase, some areas near the end of the receiver are not illuminated by the solar radiation 
as illustrated in Figure 3.2. These losses are addressed with the term of end losses. 
 
 
 
 
The distance X which is the part of HCE that is not illuminated can be calculated as it 
follows [38]: 
          
 
(3.10) 
The end loss which is a function of the focal length of the collector, length of the 
collector, and angle of incidence is defined by [43]. 
L 
𝜃 
Sun 
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Collector 
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Figure 3.2 End losses. Adopted from [38] 
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(3.11) 
      Other factors taken in account when predicting the optical efficiency of the collectors 
are the selective coating absorptance, emittance and the glass envelope absorptance, 
emittance, and transmittance. The coating emittance depends on the temperature of the 
outer absorber surface, and Table (3.1) lists coating emittance equations for all coating 
types [21]. 
Table ‎3.1 Emittance for different coating types 
However, the glass envelope absorptance and emissivity are assumed to be independent 
of temperature. The glass absorptance and emissivity have values of 0.02 and 0.86 
respectively [21].  
3.1.5 Solar irradiance absorption in the glass envelope 
       The solar absorption at the glass envelope and the absorber is treated as a heat flux to 
simplify the solar absorption terms. However, in reality, the solar absorption is a heat 
generation phenomenon, and it is reliant on the thickness of the glass envelope. Since the 
glass envelope thickness is small and solar absorption coefficient is small 0.02 [25]. This 
assumption introduces small error percentage. The correlation used for the solar 
irradiation in the glass envelope is known by: 
  ̇            ̇                        (3.12) 
Coating type Coating emittance 
Luz black chrome 0.0005333(T+273.15)-0.0856 
Luz cermet 0.000327(T+273.15) – 0.065971 
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Where      is the solar irradiation per receiver length. To find the term     , solar 
irradiation is multiplied by the aperture area and then divided by the length of the 
receiver. 
3.1.6 Solar irradiation absorption in the absorber. 
      The equation used for solar irradiation absorption in the absorber is: 
  ̇              ̇       (3.13) 
Where    is the optical efficiency from equation 3.7. 
3.2 Thermal model  
       The goal of the thermal model is to determine the energy that is absorbed by the heat 
transfer fluid (HTF) and describe all the heat losses from the receiver to the atmosphere 
due to heat transfer mechanisms: conduction, convection, and radiation. Then, the 
thermal efficiency which is the ratio of the delivered energy to the energy arrived to the 
reflector can be estimated.  
       This performance model is based on the energy balance between the heat transfer 
fluid and the atmosphere. It covers all the correlations and equations needed to describe 
the energy balance terms. A cross section of the receiver with one-dimensional and 
steady-state energy balance is shown in Figure 3.3, and Figure 3.4thermal resistances 
which is based on the energy balance of the receiver. In this model, all heat fluxes, 
temperatures and thermodynamics properties are assumed to be uniform around the 
circumference of the tube. The error of assuming the uniformity of heat flux is 3% [19].  
The solar radiation reflected by the reflector is absorbed by the glass envelope 
             and the absorber tube            . The majority of the energy absorbed by 
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Figure 3.3 Heat transfer model in a cross sectional area of the HCE [19] 
the absorber coating is transferred through the absorber by conduction (           ) and 
then to the heat transfer fluid (HTF) by convection (            ). The rest of the energy is 
transferred back to the glass tube by radiation (          ) and convection (           ). 
The energy transferred back by convection and radiation is conducted through the glass 
envelope (           ) alongside with the energy absorbed by the glass tube          . 
Then, this energy is lost to the ambient by convection (          ) and radiation 
(           ) [21]. By conserving energy at each surface of the receiver cross section, the 
energy balance equations are determined.  
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        It can be noticed that the solar absorption at the glass envelope and the absorber tube 
are treated as heat flux which can facilitate the solar absorption terms and make the heat 
transfer through the glass envelope and the absorber tube linear. 
      The receiver is divided into N number of segments which have equal length as seen in 
Figure 3.5. To analyze each segment, the radial heat fluxes are presumed to be normal on 
Figure 3.4 Thermal resistance model [21] 
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𝑎𝑏𝑖 
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the surface of the segment and uniform, and it can be calculated at the average 
temperature of the left and right sides of the segment. Thus, the radial heat transfer can be 
demonstrated applying one-dimensional heat energy balance as Forristall carried out [21]. 
According to the first law of thermodynamics for open systems [44] for segment i: 
   
  
  ̇   ̇  ∑  ̇
     
          ∑  ̇         
      
 
(3.19) 
There are many assumptions for this equation: 
 Steady state process 
 No work 
 Kinetic energy (KE) equal to zero 
 Potential energy (PE) equal to zero 
After applying these assumptions for the heat balance equation, the new equation 
became: 
By assuming that the heat transfer fluid (HTF) is dependent on the temperature, the HTF 
enthalpy is approximated to be: 
                             (3.21) 
The solar irradiation stated in equation (3.21), ̇  , includes the solar irradiation absorbed 
by the absorber and the glass envelope;  ̇           , ̇           and the heat loss. 
 
 
    ̇     ̇(                  ) (3.20) 
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The term  ̇             includes the convection heat loss between the glass envelope and 
the ambient, radiation heat loss between the glass envelope and the sky [21]. These terms 
   
  ̇     ̇                 ̇                 ̇                (3.22) 
Figure 3.5 2D heat transfer model 
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are the same terms discussed previously, but they are evaluated at the average 
temperature of each segment which is                 . 
  ̇                 ̇                 ̇                    (3.23) 
Substituting equations (3.24) (3.23) and (3.22) in equation (3.21) and solving for outlet 
temperature: 
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( ̇               ̇               ̇             
  ̇              )   
 
 
(3.24) 
The heat gain by HTF for the segment i is defined as it follows: 
  ̇          ̇                
 
  (3.25) 
       After estimating the heat loss, energy delivered to HTF, and outlet temperature for 
each segment of the receiver, the total heat loss of the  system will be as it follows: 
 
           ∑  ̇               ̇                  
 
   
 
(3.26) 
The total heat gained by HTF per unit length of the receiver is given by: 
 
      ∑   ̇                   
 
   
 
 
(3.27) 
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3.2.1 Temperature distribution in parabolic trough collector 
        Before going into the model details, the distribution of the temperature should be 
comprehended. There are two directions of temperature distributions, x and y, as shown 
in the left figure in Figure 3.6. For x direction, at any a fixed y, temperature distribution 
is seen in the middle of Figure 3.6. The temperature distribution order from the highest to 
the lowest is presented in the following: 
 Outer absorber surface temperature 
 Inner absorber surface temperature 
 Heat transfer fluid (HTF) temperature 
 Inner glass envelope temperature 
 Outer glass envelope temperature 
 Ambient temperature 
 Sky temperature 
For y direction, at a fixed x, temperature distribution is seen in the right figure in Figure 
3.6. The heat transfer fluid temperature (HTF) increases gradually as it passes through the 
absorber [45]. 
 
 
 
 
 
 
Figure 3.6 Temperature distribution of PTSC [46] 
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3.2.2 Convection heat transfer between the inner absorber wall and the HTF 
        Convection heat loss between the HTF and the inside absorber wall can be described 
applying the Newton’s Law of Cooling [47]: 
   ̇                                        (3.28) 
Where, 
 
           
    
    
 
 
(3.29) 
Where      represents the convection heat transfer coefficient in         at      which 
is the bulk temperature of the HTF,      represents the inner absorber wall temperature, 
     is the inner absorber diameter,       is the Nusselt number based on     , and    
represents the thermal conductance of the HTF at     .  
        The Nusselt number depends on the type of the flow inside the absorber tube. For 
laminar flow (        , the Nusselt number is constant with a value of 4.36 according 
to Incropera [47]. In normal operating conditions, the type of flow is turbulent, Reynolds 
number     . The Nusselt number correlation used for turbulent convective heat 
transfer inside circular tube is given by Gnielinski [48]: 
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Where, 
 
       
             
    
 
 
 
(3.31) 
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(3.32) 
        is the Reynold number based on the inner absorber tube diameter,   is the friction 
factor at the inner absorber wall,       is Prandtl number, and it is evaluated at the bulk 
mean temperature of HTF while       is evaluated at the inner absorber surface 
temperature. The Gnielinski’s correlation is valid for large range of Reynolds and Prandtl 
number. It is considered to be valid for             and               
3.2.3 Conduction heat transfer through the absorber wall 
       The conduction heat transfer correlation through a hollow cylinder is calculated by 
Fourier’s law of conduction [49]: 
 
 ̇               
                      
  (
    
    
)
 
(3.33) 
The conduction heat transfer coefficient is evaluated at the average temperature of the 
absorber,              .  The thermal conductivity of the absorber relies on the type of 
material made of. If copper is chosen as an absorber material, the thermal conductivity 
will be constant with a value of 385       . Stainless steel is also used as an absorber 
material.  There are three common types of stainless steel used an absorber material; 
304L, 316L, and 321H. Thermal properties of all the three kinds of stainless steel are 
stated in the Table  3.2. 
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Table  3.2 Thermal properties of different types of stainless steel [34] 
 
3.2.4. Heat transfer from the absorber to the glass envelope 
      In the annulus, there are two heat transfer mechanisms: convection and radiation heat 
transfer. The convection heat transfer relies on the annulus pressure. If the pressure 
<         , molecular conduction takes place. At high pressures >         , the 
mechanism of heat transfer is free convection [25]. As a result of temperature differences 
between the absorber and the glass envelope, thermal radiation is occurring, assuming 
that the surfaces are gray      . Also, the glass envelope is assumed to be opaque to 
infrared radiation. 
3.2.4.1 Convection heat transfer (Vacuum in annulus) 
      As mentioned, heat loss of the receiver is reduced by evacuation the annulus between 
the absorber and glass tube, pressure          , due to the lack of moving liquid. As a 
result of that, the convection heat transfer takes place by free-molecular convection. The 
correlation used to calculate convection heat transfer in the annulus under low pressure is 
developed by Ratazel [25] [50]. 
  ̇                                    
 
(3.34) 
where, 
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(3.35) 
Material Thermal conductivity 
W/m K 
Density 
kg/m
3
 
Specific heat 
kJ/kg K 
304L 0.0130 T+14.9732 8027.1 0.5024 
316L 0.0130 T+14.9732 8027.1 0.5024 
321H 0.0151 T+14.5837 8027.1 0.5024 
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In this equation,      is the outer absorber wall temperature,     is the inner glass 
envelope surface temperature,      represents the thermal conductivity of annulus gas at 
standard temperature and pressure,   is the mean free path between collisions of a 
molecule, and             represent the outer absorber diameter and inner glass 
envelope diameter while   is the interaction coefficient which is given by [50]: 
 
  
           
       
 
 
(3.36) 
Where   is the accommodation factor, and   is the ratio of specific heat of annulus gas. 
The mean free path is calculated from the following correlation [50]: 
 
              
                
    
 
 
 
(3.37) 
   is the annulus gas pressure in (mmHg),   represents the molecular diameter of annulus 
gas (cm), and         is the average temperature of the annulus.  
       According to Forristall [21], the molecular diameter of air is 3.53E-5 cm. the mean 
path between collisions of a molecule is 88.76 cm. Also, the thermal conductivity of the 
air at standard conditions is 0.02551 W/m.k , and the interaction coefficient is 1.571. The 
ratio of specific heats for the air is 1.39. These values are for an average temperature of 
300C and insolation of 940 W/m
2
. 
3.2.4.2 Convection heat transfer (pressure in annulus) 
      Natural convection heat transfer occurs in the space between the absorber and the 
glass envelope when the pressure in the annulus is higher than 0.013 Pa due to leakage. 
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Therefore, Raithby and Hollands [51] developed a correlation for natural convection 
between two concentric cylinders: 
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(3.42) 
For an ideal gas, 
 
  
 
       
 
 
(3.43) 
 
Where     represents the thermal conductivity of the annulus gas, and it is evaluated at 
the average temperature of the absorber and the glass envelope.          is Prandtl 
number evaluated at         , and    is Rayleigh number,   is the volumetric thermal 
expansion coefficient. This correlation is valid for            
  and        
    . 
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3.2.4.3 Radiation heat transfer 
     The correlation used for radiation heat transfer between the absorber and the glass 
envelope is developed by Cengel [52]: 
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(3.44) 
Where   is Stefan-Boltaman constant which is 5.672E-8 W/m2.K4,      is absorber 
selective coating emissivity,     is glass envelope emissivity.  
In order to drive this correlation, many assumptions were made: 
 Gray surfaces 
 The glass envelope is opaque to infrared radiation 
 Long concentric isothermal cylinders 
 Nonparticipating gas in the annulus 
 Diffuse reflection and irradiations 
      The assumptions stated above are not completely true. As an example, both the glass 
envelope and absorber coating are not gray. Also, the glass envelope is not totally opaque 
to infrared radiation. Nevertheless, if there are some errors with these assumptions, it 
would be relatively small.  
3.2.5 Conduction heat transfer through the glass envelope 
     The correlation used for conduction heat transfer through the glass envelope is the 
same correlation described in section 3.2.3. The temperature distribution is presumed to 
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be linear. Additionally, the thermal conductivity of the glass envelope which is Pyrex 
glass is constant (1.04 W/m K) [21].  
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3.2.6. Heat transfer from the glass envelope to the ambient 
      Heat transfer between the glass envelope and ambient occurs in two mechanisms; 
convection and radiation. Convection heat transfer occurs in two ways; natural 
convection in case of no wind, and forced convection in the presence of wind. Radiation 
heat transfer happens as a result of the difference in temperature between the outer glass 
temperature and the sky temperature. All these heat transfer mechanisms are described in 
the following. 
3.2.6.1 Convection heat transfer 
      According to Newton’s law of cooling, the convection heat transfer formula from the 
glass tube to the ambient is given by [49]: 
  ̇                   (      ) 
 
(3.46) 
Where, 
 
      
         
   
 
 
 
(3.47) 
Where    is the ambient temperature,     is the outer glass envelope diameter,       is 
the convection heat transfer coefficient for the air.      represents thermal conductivity of 
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the air at           ,       is the Nusselt number evaluated at the outer glass 
envelope diameter.  
3.2.6.1.1 No wind condition 
     In case of no wind, the convection heat transfer between the glass envelope and the 
surrounding occurs by natural convection. Churchill and Chu [49] developed a 
correlation used to calculate the Nusselt number for natural convection over a horizontal 
cylinder: 
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(3.48) 
Where, 
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(3.49) 
 
  
 
     
 
 
(3.50) 
 
 
       
     
     
 
 
(3.51) 
Where       is Rayleigh number evaluated at the outer glass envelope diameter,        
is Prandtl number at       ,   is volumetric thermal expansion coefficient,       is 
thermal diffusivity. The properties;       ,   are evaluated at the average temperature 
between the outer glass envelope temperature and the ambient temperature           . 
This correlation is valid for a wide range of Rayleigh numbers              . 
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3.2.6.1.2 With wind condition 
     Forced convection heat transfer between the glass envelope and the ambient occurs in 
presence of wind. The expression used to calculate the Nusselt number for this case is 
given by [49]: 
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(3.52) 
The values of C and m are given in Table  3.3. 
Table  3.3 Values of C and m as a function of Reynolds number 
      C m 
1-40 0.75 0.4 
40-1000 0.51 0.5 
1000-200000 0.26 0.6 
Where, 
                  
                  
The proposed correlation is valid for           
  and            . All the 
properties used in the correlation are estimated at the ambient temperature    except      
, it is evaluated at the outer glass envelope temperature     . 
3.2.6.2. Radiation heat transfer 
      As mentioned before, radiation heat transfer between the outer glass envelope surface 
and the sky is due to the difference in the glass envelope and sky temperatures. The 
assumption made is that the glass envelope is treated as a small gray convex in a large 
blackbody cavity which is the sky. The expression used to estimate the radiation between 
the glass envelope and the sky is given by [28]: 
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(3.53) 
Where    is the emissivity of the outer glass envelope surface,    is the sky temperature.  
     The sky temperature is lower than the ambient temperature, and it is affected by the 
atmospheric conditions; clouds and wind. Many studies have been carried out to relate 
the sky temperature to other measurable parameters. These studies relate the sky 
temperature to the local ambient temperature, water vapor temperature, and dew point 
temperature [28]. For simplicity, Previous heat loss models have assumed the sky 
temperature to be 8  less than the ambient temperature [21] [25], and these thermal 
models showed a good match with the test data. So, for this model, the sky temperature is 
assumed to be            . Fortunately, the effective sky temperature does not 
highly affect the collector performance [28]. 
3.3 Heat removal factor 
      Heat removal factor is defined as the useful energy gained to the energy gained if the 
entire absorber is at the inlet temperature of the heat transfer fluid [32], and it is 
expressed as: 
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or, 
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Rearranging equation (3.63) leads to;  
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Introducing equation (3.63) into equation (3.64) yields; 
 
   
 ̇  
    
*     ( 
   ́   
 ̇  
)+ 
 
 
(3.57) 
  is the heat loss coefficient of the collector. It can be determined by adding the 
convection heat transfer coefficient between the glass envelope and the ambient, radiation 
heat transfer coefficient between the glass cover and the sky, and conduction heat transfer 
coefficient through the support brackets.  
The collector efficiency factor,  ́, is defined as the useful energy gained to the energy 
collected if the entire absorber is at the mean HTF temperature [32]. 
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Equation (3.66) can be rewritten in the following expression: 
 
 ́  
 
  
 
  
 
   
     
  
   
   
   
   
   
 
 
 
(3.59) 
 
53 
 
      Another factor used in the analysis of the PTSC is called flow factor. It can be 
defined as the heat removal factor to the collector efficiency factor, and it is given by 
[32]: 
 
   
  
 ́
 
 ̇  
     ́
*     ( 
   ́   
 ̇  
)+ 
 
(3.60) 
 
 3.4 Performance of PTSC. 
      The thermal efficiency of a PTSC can be defined as the ratio of heat gained by the 
collector,   , to the total incident radiation,             , that is incident on the aperture of 
the collector [54]: 
     
  
              
 
 
(3.61) 
Where the useful heat gained,   , is a function of the inlet and outlet temperature of the 
receiver as shown in the following expression [54]: 
     ̇                  (3.62) 
The useful heat collected by the receiver can also be expressed in terms of optical 
efficiency, heat loss coefficient, heat removal factor, and receiver inlet temperature [39]: 
      [    °                   ] (3.63) 
Now, the thermal efficiency can be rewritten using equations (3.69) and (3.71): 
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Where   is the is the concentration ratio [       ]. 
3.5 Model implementation  
       Before explaining the implementation of the proposed model in MATLAB software, 
it needs to be illustrated that there are two types of inputs which are input parameters and 
input variables. The input parameters are the inputs that do not vary with the time and 
have fixed values. On the other hand, the input variables are changeable with the time, 
and these variables are required to be entered into the code in order to carry out the 
simulation.  
Input parameters 
 Geometrical properties 
 Inner and outer diameters of the absorber and the glass envelope. 
 Aperture area of the PTSC.  
 Optical properties 
   All the optical specifications that do not depend on the temperature; 
absorptivity, transmissivity, and emissivity of the glass envelope and 
absorptivity, emissivity of the absorber. 
 Geographical coordinates  
 Longitude and latitude of the system location. 
Table  3.4 PTSC input parameters 
Parameter Value 
Collector length 3.6 m 
Collector width 1.22 m 
Inner absorber diameter 0.0158 m 
Outer absorber diameter 0.0178 m 
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Inner glass envelope diameter 0.057 m 
Outer glass envelope diameter 0.060 m 
Focal distance 0.34 m 
Absorber absorptance [21] 0.9 
Glass envelope conductance [21] 1.04 W/m K 
Glass envelope emittance [21] 0.86 
Glass envelope transmittance [25] 0.9 
Glass envelope absorptance [21] 0.02 
Mirror reflectivity  0.94 
HCE shadowing [25] 0.95 
Tracking error 0.85 
Geomerty error 0.9 
Misalignment of tubes 0.85 
Dirt on mirror 0.97 
Dirt on HCE 0.95 
Unaccoounted 0.9 
 
Input variables 
 Date and time 
 Inlet temperature 
 Ambient temperature 
 Air velocity 
 Mass flow rate 
 Thermal properties of the working fluid.  
     As stated before, the model consists of three parts: solar radiation model, optical 
model, and thermal model. For the solar radiation model, inputs are month, day, and time. 
All the sun-earth relationships and equations are considered and implemented producing 
the outputs which are the solar radiation rate and angle of incidence as illustrated in flow 
chart Figure 3.7 . For the optical models, the inputs are all the optical specifications of the 
mirror and the tube including reflectivity, emissivity, transmitivity, and absorptivity. The 
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end loss factor and Incident angle modifier are solved, which in turn will be used to 
calculate the optical efficiency of the system.   
    For the thermal model, the energy balance system consists of four unknown 
temperatures;     ,     ,    , and     and four non-linear equations with fourth order due 
to radiation heat transfer. To solve these equations for each segment, an iterative process 
is suggested by Duffie [28]. The procedure used to solve this problem is by initially 
guessing a value for the outer glass envelope temperature for segment i,      , and then 
calculate the heat loss from equation 3.19. Then, this value is substituted into equation 
3.17 to evaluate the temperature of inner glass envelope     As presented in the following 
equation. 
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(3.65) 
The initial guess, outer glass envelope temperature, needs to be checked by comparing 
the amount of heat loss calculated from equation 3.19 with heat loss equation resulted 
from a manipulation of equations 3.16, 3.17, and 3.18. 
  ̇              ̇                ̇               ̇             (3.66) 
       It can be noticed that the comparison of heat loss between equations 3.19 and 3.74 
cannot be accomplished because the two terms of equation 3.74 are dependent of the 
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temperature of the outer absorber of segment i,       . In order to find the outer absorber 
temperature, equations 3.15 and 3.16 which have two unknown temperatures; inner and 
outer absorber temperature are solved using ‘for’ loop. If the comparison of heat loss 
values is not equal, the outer glass envelope temperature is adjusted by guessing new 
value. Outer absorber temperature is kept changing until the heat loss values calculated 
from equations 3.19 and 3.74 are equal. Figure 3.7 shows the whole procedure of the 
process in detail.  
     After all energy balance equations are solved for segment i, solar flux and 
temperatures at the absorber and the glass envelope are known. After that, all the steps 
described above are repeated for all segments. Then, the total heat loss of the system per 
unit length of the receiver is calculated from equation 3.27 as well as heat gain from 
equation 3.28 and thermal efficiency of the system.   
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Figure 3.7 Flow chart of the model 
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Chapter 4  
Experimental setup 
     The main purpose of preforming the parabolic trough solar collectors test is to 
determine the amount of collected heat of each individual trough and the amount of heat 
lost to the ambient due to the three heat transfer mechanism: conduction, convection, 
radiation as well as the thermal efficiency. After the test is complete, the results are 
presented and used to validate the mathematical model that has been developed and 
described in detail in chapter 3.  
4.1 Parabolic trough array 
     Before going into the trough collectors design details, it is important to mention the 
location of the troughs. The site chosen is located behind Lehman Building next to the 
Observatory as seen in Figure 4.1. There was a limited space for the system that is 
outlined by a fence because of the school requirements which were to leave a certain 
distance to the cars and trucks to reach their destination to and from behind Lehman 
Building, and also the system was not allowed to be placed in the grass and had to be a 
certain distance away from the Airport’s runway.     
    The parabolic trough collector system consists of four troughs with an aperture area of 
(1x4 m
2
) for each individual trough oriented north-south as seen in Figure 4.2. The 
troughs are arranged in series so that the heat transfer fluid (HTF) will gain heat 
gradually as it flows through the tubes one by one. The parabolic trough solar collector 
(PTSC) is mainly consists of a reflector, absorber, glass envelope, support structure, and 
tracking system. The reflector in the shape of a parabola which is specially designed for 
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Figure 4.1 Location of PTSC system 
Figure 4.2 PTSC arrangement [55] 
concentrating solar applications with high reflectivity (95%) will help concentrating the 
coming solar rays to a tube that is placed along the middle of the each trough. 
 
 
 
 
 
 
 
 
 
 
 
 
     The absorber tube is a pipe placed at the focal line of each trough. It is painted with 
selective coating from outside in order to maximize solar absorption and minimize 
radiation emissions. In order to reduce the heat loss of the receiver due to conduction, 
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convection, and radiation, a glass cover pipe is placed around the absorber tube allowing 
the reflected radiation passing through and reaches the inner pipe. The heat reflected is 
absorbed and transferred to the heat transfer fluid (HTF) by conduction and convection. 
The space between the two pipes is evacuated, so it acts as a barrier of losing heat from 
the absorber to the ambient at high operating temperature and also protects the absorber 
from oxidation. A steel support structure located at the back of the reflector is used to 
protect the collector from wind loads. 
     In order to track the sun from east to west, a light sensor showing in Figure 4.3 is 
used, and it sends signals to a motor which in turn moves the parabolic trough in one 
degree increments until the sun is directly over the troughs. Once the sun sets, the light 
sensor sends signals to the motor telling that there is no more sunlight. Then, the motor 
will turn the trough down until the sun rises again. The motor is driven by an electrical 
battery. Basically, it was supposed to be a battery for each trough. However, due to 
budget limitations, one battery is used for the four parabolic troughs. Electrical wires are 
used to connect all motors to the battery. Electrical housing is used to protect the wires 
from the ambient and from any water that can come in contact with the wires. The battery 
is protected by putting it into a housing unit, Figure 4.3, and it is sealed very well in order 
to prevent any water from seeping in.  
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Figure 4.3 light sensor and electrical housing 
4.2 Hydraulics system 
     The hydraulic system consists of pipes that connect all the troughs together and 
pressure and temperature gauges. The type of piping material chosen for this application 
was stainless steel. There was some design considerations followed before selecting 
stainless steel in the hydraulic sub-system [55].  
 The piping used for versatile applications must be resistant to different types of 
working fluid. The piping material must not create chemical reactions when 
working fluids pass through. 
 For solar collector applications, the lowest temperature considered is 250  . 
Thus, the piping material must stand with a temperature above 250   without 
failure. 
 The parabolic trough collectors are permanently placed outdoors, and they are 
exposed to the ambient. Thus, the piping material must resist corrosion caused by 
the weather.  
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 For safety consideration, there are two safety concerns: maximum allowable 
pressure and temperature. If the pipe connectors are under pressure and 
temperature above the maximum, there must be a little possibility of failure due to 
superheated fluid and thermal stress which can be harmful to the people. 
     Stainless steel can be used with a large variety of working fluid, and it can provide 
corrosion resistance for both chemical and weather reactions. Also, stainless steel is 
capable of being used in high temperature and heat applications. Thus, stainless steel is 
very suitable choice for this application. There are different common types of piping 
materials that can be used such as copper. However, they are very weak in terms of 
corrosion resistance which can put the system in a risk.   
     For measuring temperatures, thermocouples (type-E) are chosen to be used in this 
application. A thermocouple is an electrical device used for measuring temperatures. It 
consists of two dissimilar conductors (chromel- constantan for type E) which are welded 
together at one end creating a junction. Once the junction is heated or cooled by attaching 
it to the place where the temperature needs to be measured, a voltage is created which 
will be transformed to a temperature using a thermocouple reader.  
     There are many advantages of using thermocouples as temperature measurement 
devices. they are listed below: 
 High temperature range, -200 to +1300  
 Fast response time 
 Low cost 
 High resolution 
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Figure 4.4 Thermocouples with thermocouple reader 
   The thermocouple reader selected for this application is Handheld thermocouple 
thermometer (HH66U) . It is a portable and dual-input digital thermometer which has a 
push button keypad, and also it offers a wide range of functions.  HH66U thermometer 
can measure a range of temperature of -210 to +1000    (for type E) with accuracy of 
  0.05%.  
 
 
 
 
 
4.3 Test rack 
     The test rack is a semi- customizable shell that composed of a heat exchanger, a 
storage tank, a pump, a battery, and a flow meter, Figure 4.5, which will be all described 
in detail blow. The main reason of designing the test rack is to integrate all the 
components in one single system which can be used to run tests. To fabricate the test 
rack, 1SQ x 11GA well tubing steel bars were used in a rectangular shape. The test rack 
was mounted on four caster wheels. That will make the test rack transportable which is 
required because when tests are ran the test rack must be moved from the storage place 
(Clean Energy Lab) to the test site. The two front wheels have breaks so that the test rack 
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stays still during tests. After tests are done, the test rack is moved back to the storage 
location [55] .  
     As mentioned before, the operating temperature of the system is 90  . All test rack 
components can stand with this range. However, if the operating temperature reaches 100 
  or above, there will not be material failure resulted of the components. To connect the 
components together, stainless steel pipes are used which can work well under high 
pressure stress and high operating temperatures.  
 
 
 
 
 
 
 
 
4.3.1 Test rack components 
4.3.1.1 Heat exchanger 
     Heat exchanger is one of the main components of the test rack. After the working fluid 
is being heated up by the four parabolic troughs, it needs to be cooled down so that it can 
Figure 4.5 Test rack [55] 
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be circulated again. The heat exchanger chosen is a radiator heat exchanger which is 
shown in Figure 4.6. 
     A radiator is a heat exchanger designed to dissipate heat by natural air circulation. It is 
manufactured to have the ability of holding large amounts of water in tubes which 
increase the area that is in contact with the ambient. In operation, hot water coming from 
the parabolic troughs is pumped to the radiator where it spread to the radiator tubes. As 
hot water passes through the tubes, it loses heat by the mechanism of natural convection 
of ambient air [56]. 
 
 
 
 
 
 
4.3.1.2 Storage tank 
     The storage tank used in this application is an electrical water heater, ARISTON water 
heaters, which has a relief valve opened to the atmosphere. The storage tank has 
dimensions of 14 in x 14 in x 10 in weighting 29.5 lbs, Figure 4.7. It has the ability of 
holding a maximum amount of water of 7 gallons, with maximum pressure of 150 psi. 
The storage tank is mounted on the rack by connecting the pipe coming from the radiator 
Figure 4.6 Heat exchanger (radiator) 
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Figure 4.7 Storage tank 
and directly from the troughs to the top end (hot end), and the bottom end which is the 
cold end is connected with the pipe going to the pump as demonstrated in Figure 4.7. 
 
  
 
 
 
 
4.3.1.3 Pump 
     In order to run tests, a pump is required to circulate heat transfer fluid (HTF) from the 
storage tank to the system. A water pump is used, 8000 series SHURFLO diaphragm 
pump, as shown in Figure 4.8 which is placed at the outlet of the storage tank. The pump 
has dimensions of 8 in x 4 in x 4 in, and it is mounted on a mounting base with 
dimensions of 2 ¼ in x 3 1/8 in, and the pump has an inlet and outlet port of 3/8 inch. The 
maximum volumetric flow rate is 1 gallon per minute (GPM), with temperature capacity 
of 180 F and a pressure of 60 psi. In addition, the maximum power usage is 4.5 amperes 
which is provided by 12 volt battery. 
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4.3.1.4 Flow meter 
     A flow meter is a device that measures the volumetric flow rate of the working fluid. 
For solar thermal applications, the flow meter must withstand high temperatures, so the 
flow meter used in this application is a high temperature flow meter as shown in Figure 
4.9 which can work ideally for temperatures up to 500 F and maximum pressure of 6000 
psi. The material used to fabricate its body is T303 stainless steel, and its piston and core 
made of C360 brass. It has dimensions of 2 in outer diameter and 6.6 in long. This flow 
meter has many advantages which are listed below.  
 Accuracy of    full scale 
 Direct reading 
 Good viscosity stability 
 Repeatability    
 Easier to read linear scale 
 No flow straightened or special piping required 
 Install in any position 
Figure 4.8 8000 series SHURFLO diaphragm pump 
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     It is important to be mention that at the experimental day, the recorded flow meter 
data were increasing which is suspicious because the pump that is in the system must has 
a constant volumetric flow rate. It turned out that the flow meter was broken. To address 
this problem, a constant value of volumetric flow rate was assumed which is the 
maximum volumetric flow rate of the pump, 1 GPM.  
 
 
 
 
 
 
 
 
4.4 Experimental procedure  
     First, the storage tank is filled with 6 gallons of water. Then, the test rack is moved 
from the storage place (Clean Energy Lab) to the test site. The test rack is connected to 
the trough system by connecting the test rack inlet to the troughs outlet and the test rack 
outlet to the trough inlet. After that, the tracking system of all troughs is turned on and 
calibrated so that the sun is directly over the troughs, and then the pump wires are 
connected to the battery to start running the test. Water is pumped from the storage tank 
to the PTSC as shown in the experimental layout, Figure 4.10. The flow meter which is 
placed after the pump measures the flow rate of water passing through the pipes. After 
water collects heat and gets hot, it goes back to the test rack passing a three-way valve. 
Figure 4.9 Flow meter 
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Water can be passed to the radiator allowing it to be cooled and then passed to the storage 
tank or it can go directly to the storage tank. The cycle repeats again and again 
throughout the day. In the meantime, the temperature of the inlet and outlet of trough is 
continuously measured and recorded to calculate heat captured and lost by the troughs. 
After the test is completed, water in the system is drained by disconnecting one inlet of 
the test rack and keeping the pump running, so all remain water in the pipes is going to be 
drained. The tracking system is turned off, and the pump is disconnected as well as the 
test rack. The test rack is moved back to the Clean Energy Lab.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Layout of the experimental setup 
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Chapter 5  
Results and Discussion 
 
     In this chapter, experimental investigation of the parabolic trough solar collector 
(PTSC) is presented. Thermal performance of PTSC (for the second trough only) is also 
evaluated using the measured temperatures of heat transfer fluid (water) for inlet and 
outlet, flow rate, ambient temperature, wind speed, and global radiation which is 
determined theoretically in MATLAB software. The test was conducted at Embry-Riddle 
Aeronautical University, Daytona Beach, FL on February 19, 2014 from 9:45 A.M until 
4:15 P.M, and readings were recorded with time interval of 30 minutes. Data of inlet and 
outlet temperatures along with thermal efficiency and heat gained are plotted and 
demonstrated in detail, and comparisons between experimental and modeled results are 
presented as well.    
5.1 Variation of ambient temperature and wind speed with time  
      The ambient temperature and wind speed varied throughout the test day. Both 
parameters were not measured experimentally; however, the data were taken from an 
online source (weather.com). As seen in Figure 5.1, at the beginning of the test, the 
ambient temperature is low with a value of 20 , and it starts to increase as the time goes 
until it reaches a maximum value of 26.6  from 1:45 P.M to 3:15 P.M. Then, it 
decreases slightly at the end of the experiment. A minimum wind speed is found at 9:45 
A.M with a value of 2.2 m/s. It starts to rise with time till it has the peak value 3.6 m/s 
from 1:45 P.M to 2:15 P.M.      
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5.2 Solar radiation  
     The intensity of solar radiation was calculated theoretically for the test period using all 
the earth-sun relationships and solar angels as explained deeply in chapter 2. For a 
location of Daytona Beach, FL (81° Longitude and 29.2° Latitude) and date of Feb 19, 
2014, the modeled results are plotted in Figure 5.2 
     At 9:46 AM, the solar intensity is 413 W/m
2
, and as the time passes, the intensity 
starts to rise until reaching the peak with a value of 838 W/m
2
 around 2:00 P.M. After 
that time, the intensity decreases to approximately 470 W/m
2
 at the end of the 
experiment.   
 
 
Figure 5.1 Variation of ambient temperature and wind speed with time 
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5.2.1 Validation of modeled solar intensity rate 
     In order to experimentally determine the solar radiation incident upon Earth, solar 
radiation measurement device (pyranometer) must be used. Unfortunately, this device 
was not available on the test day. Therefore, modeled solar radiation results are used. 
However, these results are not accurate unless they are validated with some other solar 
radiation data. National Renewable Energy Laboratory (NREL) has issued modeled solar 
radiation database for the past 30 years for more than 1400 cities in the United States, and 
Daytona Beach is one of them.  NREL database on Feb 19, 2010 was chosen to compare 
with the current modeled results. 
     Figure 5.3 shows a comparison between the current solar radiation model and NREL 
solar radiation database throughout the day hours. The agreement between the two 
models is acceptable; however, there is deviation at the early morning and afternoon. The 
reason for the difference is due to applying different correlations and Earth-sun 
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Figure 5.2 Variation of modeled solar radiation with time on Feb 19, 2014 
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relationship equations in the current and NREL model. The solar radiation curve is 
multiplied by 0.9. The reason is that the solar radiation model estimates solar data for 
clear sky. However, in reality, there are several factors that reduce the solar intensity 
which are clouds, dust, water vapor in the atmosphere.   
 
5.3 Inlet and outlet temperatures 
     Figure 5.4 shows the inlet and outlet temperatures of PTSC during the experiment 
period. At the beginning of the experiment, inlet and outlet temperature starts to rise at a 
faster rate until 10:45 A.M. Then, they remain almost constant for the following two 
hours. At 12:45 P.M, both inlet and outlet temperature starts to increase again with a 
maximum outlet temperature of 48.4   around 2:00 PM. Beyond that time, the 
temperatures begin to decrease at a slower rate until the end of the experiment with an 
outlet temperature of 40.5  . Both temperatures are expected to be higher than this 
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Figure 5.3 Comparison of solar radiation for the current and NREL models 
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range, and the reason for this is that there are about 90 ft of non-insulated pipes exposed 
to the atmosphere causing a big heat loss and preventing rising temperatures at higher 
rates.  
     In terms of temperature difference between the inlet and the outlet, the temperature  
difference is a function of solar intensity. It starts to increase slowly with respect to time 
with a maximum difference of 3.2  at 1:45 P.M and then decrease after noon due to the 
decrease in solar intensity. However, temperature difference should be larger than this 
range, and that is attributed to the misalignment of the receiver and the low absorber 
absorptivity.  
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Figure 5.4 Variation of inlet, outlet temperature and volumetric flow rate with time 
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5.4 Useful heat gain 
     The useful gained heat was determined from the measured inlet and outlet 
temperatures of PTSC, mass flow rate, and specific heat of water using the following 
equation. 
         ̇              
     Figure 5.5 shows the variation of instantaneous useful gained heat with respect to 
time. At 9:45 A.M, the gained heat is low (365 W) due to the low rate of solar intensity, 
then, as time passes, it starts to increase until reaching the peak value (836W) at 1:45 P.M 
which indicates that the energy collected is influenced by the solar radiation rate. After 
2:00 P.M, the useful heat gain decreases as a result of the decreased solar intensity until 
the end of the experiment with a value of 548 W.    
 
 
 
 
 
 
 
 
 
Figure 5.5 Variation of collected energy with respect to time 
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5.5 Thermal efficiency  
     The instantaneous thermal efficiency of PTSC was calculated applying the heat gain, 
solar intensity, and aperture area into the following equation. 
    
       
             
 
     Figure 5.6 shows the instantaneous thermal efficiency during the experiment period. It 
can be noticed that the efficiency is fluctuating throughout the test hours with a minimum 
and maximum values of 26.4% and 30% respectively.  The Thermal efficiency was 
expected to be higher, but there are too many factors that affected it: 
 Misalignment of the mirrors 
 Misalignment of the tubes 
 Tracking errors 
 Low absorptivity of the absorber  
 Low transmissivity of the glass cover 
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Figure 5.6 Variation of instantaneous thermal efficiency with time 
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5.6 Heat loss 
      Heat loss of PTSC was experimentally obtained applying the amount of solar 
radiation received by the tubes which is the solar intensity multiplied by the aperture area 
and optical efficiency, and the actual amount gained by the heat transfer fluid (water) into 
the following equation. 
                                 
     Figure 5.7 illustrates the heat loss variation with the receiver operating temperature. It 
can be concluded that the heat loss depends on the receiver operating temperature. Heat 
loss starts with a value of 15 W at operating temperature of 31    Then, it increases 
significantly along with the increase of operating temperature until reaching a value of 89 
W at 47 . 
 
 
Figure 5.7 Variation of heat loss with receiver operating temperature 
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Figure 5.8 Variation of incidence angle modifier with angle of incidence 
5.7 Incidence angle modifier  
     The incidence angle modifier was determined by dividing the instantaneous thermal 
efficiency at a given value of angle of incidence to the peak efficiency of PTSC (equation 
3.8). The results were presented graphically in Figure 5.8. A curve fitting was applied to 
the results to obtain a second-order polynomial equation of K as a function of incidence 
angle. 
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5.8 Model Validation  
     To solve the model, the data measured experimentally along with other parameters 
and variables were taken and applied to the model as inputs including the inlet 
temperatures, flow rate, ambient temperature, wind velocity, aperture area, geometrical 
dimensions, optical properties, and date and time. Then, the model determined the solar 
intensity rate, heat gain, thermal efficiency, heat loss, and outlet temperature with time 
interval of 30 minutes as the experiment was carried out.  The modeled results are plotted 
and compared with the experimental data.  
     Figure 5.9 shows the comparison between the experimental and theoretical heat gain 
throughout the test day. It can be seen that the agreement between the experimental and 
modeled results are acceptable. However, there are some discrepancies with a maximum 
error of 11 %. 
     Figure 5.10 shows illustrate the comparison between the actual thermal efficiency and 
the modeled data. some discrepancies were appeared with maximum error of 10%. 
     Figure 5.11 explains the difference between the experimental and theoretical heat loss 
as a function of receiver operating temperature. It can be seen that the deviation between 
both results was small at low operating temperatures, but when operating temperature 
increases, the deviation rise fast.  
     Figure 5.12 shows the comparison between the experimental outlet temperature and 
the modeled outlet temperature. Excellent agreement between the results is achieved. 
Some discrepancies are found with maximum error of 2 %. 
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  Generally, in all cases, the comparison between experimental and theoretical results is 
acceptable, even though there are some discrepancies, and that is due to several reasons. 
There are 3 connectors which connect the receiver tubes with each other along with 3 
supporting brackets, and they cause heat loss. Moreover, the accuracy of thermocouples 
and the thermocouple reader is partially involved in this deviation along with the 
accuracy of used heat transfer equations (error of 6-10%). 
 
 
 
 
 
Figure 5.9 Comparison between experimental and modeled heat gain 
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Figure 5.10 Comparison between experimental and modeled thermal efficiency 
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Figure 5.12 Comparison between experimental and modeled outlet temperatures 
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Chapter 6  
Conclusion and Recommendations 
     A comprehensive mathematical model has been developed for analyzing the 
performance of PTSC. The models takes into account all the heat energy balance 
equations and heat transfer mechanism including convection heat transfer inside the 
absorber and from the absorber to the glass envelope and from the glass envelope to the 
ambient, conduction heat transfer through the absorber and the glass envelope, radiation 
heat transfer from the absorber to the glass envelope and from the glass envelope to the 
sky. The presented model is implemented in MATLAB software, and it has the ability to 
estimate the amount of solar radiation falling on the earth, amount of heat collected by 
the working fluid, heat loss, thermal efficiency, and outlet temperature of the system.  
    Also, an experimental investigation has been conducted at Embry-Riddle Aeronautical 
University, Daytona Beach, FL on February 19, 2014 in order to experimentally 
determine the thermal performance of PTSC (second trough). The measured results show 
that the maximum temperature is 48 . The reason why higher temperature is not 
achieved is that there is big heat loss occurring in the 80 ft of non-insulated pipes 
connecting the whole system. A maximum efficiency of 30% was obtained, and many 
factors lead to this low efficiency such as poor tracking, geometry errors, tubes 
misalignment, and low absorptivity of the absorber. 
     Finally, a validation of the proposed model has been carried out using the measured 
data. A reasonable agreement between both results was achieved with some 
discrepancies, and that is accounted for the thermocouples accuracy , heat loss from the 
connectors and supporting brackets, and the accuracy of heat transfer equations. 
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The following recommendations can be considered for future research. 
 Mathematical model 
 Studying the non-uniformity of temperature distribution around the 
circumference of the receiver tube.   
 Considering heat loss from connectors and supporting brackets. 
 Perform 3D modeling. 
 Parabolic trough solar collector 
 Replacing the brackets with new ones that have a large number of holes 
with smaller distance between them in order to adjust the receiver tube 
more accurately so that the focal line is on at the center of the tubes 
directly. 
 Oiling the gear box chain continuously so that it will not rust and corrode. 
 Drilling holes at the inlet and outlet of the receiver tube in order to insert 
thermocouples at appropriate places and prevent recording erroneous 
results  
 Hydraulics system 
 In case of high temperature and pressure applications, stainless steel pipes 
need to be welded. 
 Insulating the pipes would be a great idea in order to prevent heat loss 
while the working fluid passes through. 
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 Test rack 
 Replacing the storage tank with bigger one for high temperature and 
pressure applications, and it must have a drain valve so that the working 
fluid is drained and collected easily.  
 Replacing the pump with higher pressure and flow rate if different 
working fluid is used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
References 
[1] Word Energy Outlook. Paris: Internation Energy Agency, 2012. 
[2] International Energy Outlook . Washington: U.S. Energy Information Administration, 
2010. 
[3] DECC Fossil Fuel Price Projections. London: Department of Energy and Climate 
Change, 2013. 
[4] Key energy word statistics. Paris: International Energy Agency, 2012. 
[5] Fernandez-Garcia, A., et al. "Parabolic-trough solar collectors and their applications." 
Renewable and Sustainable Energy Reviews 14 (2010): 1695–1721. 
[6] Günthe, Matthias, Dirk Krüger and Tobisas Hirsch. Parabolic Trough Technology. 
Cologne: enerMENA, n.d. 
[7] Pytlinski, JT. "Solar energy installations for pumping irrigation water." Solar energy 
(1978). 
[8] Shaner, WW. and WS. Duff. "Solar thermal electric power systems: comparison of 
line-focus collectors." Solar Energy (1979): 13-49. 
[9] Price, Hank, et al. "Advances in Parabolic Trough Solar Power Technology." Journal 
of Solar Energy Engineering 124 (2002): 109-125. 
[10] Vazquez, J. and N. Castaneda. "The collector for Extresol-1. 600 meters loop test in 
Andasol-1 and test unit description." 14th int symp on conc sol power and chem 
energy technol. SolarPACES 2008, 2008. 
[11] Kearney, DW and HW Price . "LUZ concept (current status of the SEGS plants)." 
Proceedings of the Second Renewable Energy Congress. Reading, 1992. 582-588. 
[12] Kalogirou, Soteris A. "Solar thermal collectors and applications." Progress in Energy 
and Combustion Science 30 (2004): 231-295. 
[13] Kim, YJ, et al. "Thermodynamic analysis of an absorption refrigeration system with 
ionic-liquid/refrigerant mixture as a working fluid." Energy (2012): 1-12. 
[14] Kalogirou, Soteris A. "Seawater desalination using renewable energy sources." 
Progress in Energy and Combustion Science 31 (2005): 242–281. 
[15] Ouagued, Malika, Abdallah Khellaf and Larbi Loukarfi. "Estimation of the 
temperature, heat gain and heat loss by solar parabolic trough collector under 
88 
 
Algerian climate using different thermal oils." Energy Conversion and 
Management 75 (2013): 191-201. 
[16] Archer, David H, Ming Qu and Hongxi Yin. "Experimental and model based 
preformance analysis of a linear parabolic trough colloctor in a high temperature 
solar coooling and heating system." Journal of Solar Energy Engineering 132 
(2010). 
[17] Gong, Guangjie, et al. "An optimized model and test of the China’s first high 
temperature parabolic trough receiver." Solar Energy 84 (2010): 2230-2245. 
[18] Hachicha, A.A, et al. "Heat transfer analysis and numerical simulation of a parabolic 
trough." Applied Energy 111 (2013): 581-592. 
[19] Coccia, Gianluca, Giovanni Latini and Marco Sotte. "Mathematical modeling of a 
prototype of parabolic trough solar collector." Renewable and sustainable energy 
4 (2012). 
[20] Dudley, Vernon E. Test results SEGS LS-2 solar collector. USA: Sandia national 
laboratories, 1994. 
[21] Forristall, R. Heat transfer analysis and modeling of a parabolic trough solar receiver 
implemented in Engineering Solver Equation. Technical report. Colorado: 
National Renewable Energy Laboratory, 2003. 
[22] Brooks, M J, I Mills and T M Harms. "Performance of a parabolic trough solar 
collector." Journal of energy in Southern Africa 17 (2006): 71-80. 
[23] Padilla, Ricardo Vasquez, et al. "Heat transfer analysis of parabolic trough solar 
receiver." Applies Energy 88 (2011): 5079-5110. 
[24] Garcia-Valladares, O and N Velazquez. "Numerical simulation of parabolic trough 
solar collector: Improvement using countorflow concentric circular heat 
exchanger." International Journal of Heat and Mass Transfer 52 (2009): 597-609. 
[25] Kalogirou, Soteris A. "A detailed thermal model of a parabolic trough collector 
receiver." Energy 48 (2012): 298-306. 
[26]  Chalqi, F-Z and M-C Eljai. "A modified model for parabolic trough solar receiver." 
American Journal of Engineering Research (AJER) (2013): 200-2011. [27]  
[27] Yaghoubi, M, F Ahmadi and M Bandehee. "Analysis of Heat Losses of Absorber 
Tubes of Parabolic." Journal of Clean Energy Technologies 1 (2013): 33-37. 
89 
 
[28] Duffie, Jouh A. and William A. Beckman. Solar engineering of thermal processes. 
3rd. New Jersey: John Wiley & Sons, 2006. 
[29] Tiwari, G. N. Solar energy:fundamentals, design, modelling and applications . New 
Delhi: Alpha science international , 2006. 
[30] Foster, Robert, Majed Ghassemi and Alma Cota. Solar energy: renewable energy 
and the enviroment. Boca Raton: CRC press, 2010. 
[31] Goswami, D. Yogi, Frank Kreith and Jan F. Kreider. Principles of solar engineering. 
2nd. Philadelphia: Taylor & Francis, 1999. 
[32] Kalogirou, Soteris A. Solar energy engineering: Processes and Systems. 1st. USA: 
Elsevier, 2009. 
[33] Sukhatme, S P and J K Nayak. Solar energy: principles of thermal collection and 
storage. 3rd. New Delhi: McGraw-Hill, 2008. 
[34] Dubey, Swapnil and G.N. Tiwari. Fundamentals of photovoltaic modules and thier 
applications. Cambridge: The royal society of chemistry, 2010. 
[35] Garg, H P and J Prakash. Solar energy, fundamentals and application. New Delhi: 
Tata McGraw-Hill, 2006. 
[36] Kreith, Frank and Jan F. Kreider. Principles of sustainable energy. Bcan Raton: CRC 
press, 2011. 
[37] Sen, Zekai. Solar energy fundamentals and modeling techniques :atmosphere, 
environment, climate change and renewable energy. London: Springer, 2008. 
[38] Padilla, Ricardo Vasquez. Simplified Methodology for Designing Parabolic Trough 
Solar Power Plants. PhD Thesis. Ann Arbor: ProQuest LLC, 2011. 
[39] Garg, H P and J Prakash. Solar energy, fundamentals and application. New Delhi: 
Tata McGraw-Hill, 2006. 
[40] Guven, Halil M. and Richard B. Bannerot. Optical and thermal analysis of parabolic 
trough collectos for technically for developed countries. Technical report. 
Houston, 1984. 
[41] Fischer, Stephan. "Experience from tests on concentrating and tracking collectors." 
Technical report. 2012. 
[42] Khaled, Ahmed. Technical and economic performance of parabolic trough in Jordan. 
M.Sc. thesis. Amman, 2012. 
90 
 
[43] Mutlak, Falah. Design and Fabrication of Parabolic Trough Solar Collector for 
Thermal Energy Applications. PhD Thesis. Baghdad, 2011. 
[44] Baskharone, Erian A. Thermal Science: Essentials of Thermodynamics, Fluid 
Mechanics, and Heat Transfer. McGraw-Hill, 2012. 
[45] Burkholde, Frank, et al. "Parabolic Trough Receiver Thermal Testing." ASME 2007 
Energy Sustainability Conference. California: ASME 2007 Energy Sustainability, 
2007. 961-970. 
[46] Qu, Ming, David H. Archer and Sophie V. Masson. "A linear parabolic trough solar 
collector performance model." International conference for enhanced building 
operations. Texas: Energy Systems Laboratory, 2006. 
[47] Incropera, F, et al. Fundamentals of heat and mass transfer. 6th. New York: John 
Wiley and Sons, 2007. 
[48] Gnielinski, V. "New equations for heat and mass transfer in turbulent pipe and." 
International chemical engineering 16.16 (1976): 359–368. 
[49] Rathore, M.M. and Jr. Raul R.A. Kapuno. Engineering Heat Transfer. USA: Jones & 
Bartlett Learning, LLC, 2011. 
[50] Ratazel, A, C Hickox and D Gartling. "Techniques for reducing thermal conduction 
and natural convection heat losses in annular receiver geometries." Journal of 
Heat Transfer 101.1 (1979): 108-113. 
[51] Rathakrishnan, Ethirajan. Elements of heat transfer. USA: Taylor & Francis Group, 
2012. 
[52] Cengel, Yunus and Afshin J. Ghajar. Heat and mass transfer: Fundamentals and 
applications. 4th. McGraw-Hill, 2011. 
[53] Janna, William S. Engineering heat transfer. 2nd. Boca Raton: CRC press, 2000. 
[54] Winter, Francis de. Solar collectors, Energy storage, and Materials. USA: The MIT 
press, 1991. 
[55] Senior design Group. The Design and Building of a Test System to Characterize 
Solar Thermal Collectors. Daytona Beach: Embry Riddle Aeronautical 
University, 2012.  
[56] "thecarguys.net." n.d. Thecarguys Web Site . 13 November 2013 
<www.thecarguys.net/cooling_system_operation.pdf>. 
91 
 
Appendix A 
MATLAB code of PTSC 
%Thermal model of parabolic trough solar collector PTSC 
  
% input parameters of the receiver 
D2=0.0158;      % meter, inner diameter of the absorber 
D3=0.0178;      %meter, outer diameter of the absorber 
D4=0.057;       %meter, inner diameter of the glass envelope 
D5=0.060;       %meter, outer diameter of the glass envelope 
L=3.4;          %meter, length of the collector 
W=1.1;          % width of the collector 
In=0.48;         % intercept factor 
TRS_env=0.9;    % transmittance of the glass envelope 
ABS_abs=0.9;   % absorbance of the absorber 
ABS_env=0.02;   % Absorptance of the glass envelope 
  
% Input variables 
FL=1;       % gpm,  flow rate of the HTF  
u5=5;          % m/s, wind speed  
T6=296;        % K, ambient temperature 
T7=T6-8;       %K, sky temperature 
Month=2;       % month's number 
n=50;           % day's number 
T1=45.3         % Inlet temperature 
Sstand=13.75    % local time (h) 
 
% Solar radiation code 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Sstand1=Sstand*60; 
B=(n-1)*360/365; 
E=229.2*(0.000075+0.001868*cosd(B)-0.032077*sind(B)-0.014615*cosd(2*B)-
0.04089*sind(2*B)); 
M=4*(60-81)+E; 
ST=Sstand1+M; 
HA=15*(ST-12*60)/60; % Hour angle 
SD=23.45*sind(360*(284+n)/365); %Solar declination  
SA=asind(sind(29.1735)*sind(SD)+cosd(29.1735)*cosd(SD)*cosd(HA)); 
%Solar altitude  
ZA=90-SA;%Zenith angle 
AOI=ZA % angle of incidence 
  
if Month==1 
    A=1202; 
    Z=0.141; 
    C=0.103; 
    Ibn=A*exp(-Z/cos(ZA)); 
    Id=C*Ibn; 
elseif Month==2 
    A=1187; 
    Z=0.142; 
    C=0.104; 
    Ibn=A*exp(-Z/cos(ZA)); 
    Id=C*Ibn; 
elseif Month==3; 
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    A=1164; 
    Z=0.149; 
    C=0.109; 
elseif Month==4 
    A=1130; 
    Z=0.164; 
    C=0.120; 
elseif Month==5 
    A=1106; 
    Z=0.177; 
    C=0.130; 
elseif Month==6 
    A=1092; 
    Z=0.185; 
    C=0.137; 
elseif Month==7 
    A=1093; 
    Z=0.186; 
    C=0.138; 
elseif Month==8 
    A=1107; 
    Z=0.182; 
    C=0.134; 
elseif Month==9 
    A=1136; 
    Z=0.165; 
    C=0.121; 
elseif Month==10 
    A=1136; 
    Z=0.152; 
    C=0.111; 
elseif Month==11 
    A=1190; 
    Z=0.144; 
    C=0.106; 
elseif Month==12 
    A=1204; 
    Z=0.141; 
    C=0.103; 
end 
Ibn=A*exp(-Z/cosd(AOI));  
Id=C*Ibn;                % diffuse radiation 
Ib=Ibn*cosd(AOI);        % normal radiation 
q_ra0=(Ib+Id)*0.9        %global radiation 
 q_ra=q_ra0*1.1          % W/m solar irradiation multiplied by the 
collector width 
 
  
% Optical model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 K3*10^-5*AOI^2-0.0072*AOI+1.2257; % Incidence angle modifier 
 Endloss=1-0.5/3.6*tand(AOI);                    % End loss 
 EEF_abs=In*TRS_env*ABS_abs*K*Endloss    %effective optical efficiency  
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 %Thermal Model 
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for j=1:1:13 
 for i=0:0.3:4 
  
 T5=294+i %K estimated outer glass cover temperature 
  
 %Radiation heat transfer from the glass envelope to the sky 
E5=0.86;                  % emissivity of the glass envelope 
 RO_D5=101325/(287.05*(T6));% kg/m3, density of the air evaluated at T6 
 MU_D5=(1.458*10^-6*T6^(3/2)/(T6+110.4)); %kg/m.s, viscosity of the air 
evaluated at T6 
 Re_D5=RO_D5*u5*D5/MU_D5; % Reynolds number at ambient conditions 
 Pr6=0.712;               % Prandtl number evaluated at T6 
 Pr5=0.71;                % Prandtl number evaluated at T5 
 K56=1.5207*10^-11*(T6)^3-4.8574*10^-8*(T6^2)+1.0184*10^-4*(T6)-
0.00039333; % thermal conductivity 
 NU_D5=0.26*Re_D5.^(0.6)*Pr6.^(0.37)*(Pr6/Pr5).^0.25;  % Nusselt number 
 h56=K56*NU_D5/D5;  
 Bolt=5.67*10^-8;    % Stefan boltzmann constant 
q_loss= (h56*pi*D5*(T5-T6)+Bolt*D5*pi*E5*(T5^4-T7^4)); 
  
  
 %Radiation heat transfer from the absorber to the glass envelope 
E4=0.86;                         % glass envelope emissivity 
Bolt=5.67*10^-8;                 % Stefan Boltzmann constant 
E3=0.0005333*(T1+273.15)-0.0856; % Absorber select coating emissivity 
  
  
%conduction heat transfer through the glass envelope 
K45=1.04;   % glass envelope conductance (Pyrex glass) 
 T4=(q_loss+T5*(2*pi*K45/log(D5/D4))-
q_ra*ABS_env*In*Endloss*K)/(2*pi*K45/log(D5/D4)%inner glass cover 
temperature 
   
  
  
%convection from HTH to the absorber 
Ro1=1001.1-0.0867*T1-0.0035*T1^2 % kg/m3, density of the fluid 
MU1=1.684*10^-3-4.264*10^-5*T1+5.062*10^-7*T1^2-2.244*10^-9*T1^3 
%kg/m.s, viscosity of the fluid 
Cp1=(4.214-2.286*10^-3*T1+4.991*10^-5*T1^2-4.519*10^-7*T1^3+1.857*10^-
9*T1^4)*1000 %J/kg.K, heat capacity of the fluid 
K1=0.5636+1.946*10^-3*T1-8.151*10^-6*T1^2 % W/m.K, conductivity of the 
fluid 
u1=0.000063*FL/(pi/4*(D2.^2)); %m/s, HTF fluid speed 
Re_D2=(Ro1*u1*D2)/MU1 % Reynolds number of th HTH fluid 
f2=(1.85*log10(Re_D2)-1.64).^-2 % friction factor 
Pr1=(MU1*Cp1)/K1; 
T22=T1+2; 
Ro2=1001.1-0.0867*T22-0.0035*T22^2 ;% kg/m3, density of the fluid 
evaluated at T2 
MU2=1.684*10^-3-4.264*10^-5*T22+5.062*10^-7*T22^2-2.244*10^-9*T22^3 
;%kg/m.s, viscosity of the fluid evaluated at T2 
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Cp2=(4.214-2.286*10^-3*T22+4.991*10^-5*T22^2-4.519*10^-
7*T22^3+1.857*10^-9*T22^4)*1000 ;%kJ/kg.K, heat capacity of the fluid 
evaluated at T2 
K2=0.5636+1.946*10^-3*T22-8.151*10^-6*T22^2; % W/m.K, conductivity of 
the fluid 
Pr2=(MU2*Cp2)/K2; % Prandtl number evaluated at T2 
NU_D2=((f2/8)*(Re_D2-1000)*Pr1)/(1+12.7*sqrt(f2/8)*(Pr1.^(2/3)-
1))*(Pr1/Pr2)^0.11 %Nusselt number 
h1=(NU_D2*K1)/D2 %W/m2.K, HTF convection heat transfer coefficient 
  
  
  
% "conduction heat transfer through the absorber” 
T23= T1+2; %C, estimated value 
K23=0.0153*T23+14.775; % absorber thermal conductance (321 H) at the 
average absorber,  
  
  
%convection from the absorber to the glass envelope 
Kstd=0.02551;%W/m.K, thermal conductance of annulus gas at standard 
conditions 
b=1.571; %interaction coefficient  
mol_diameter=3.53*10^-8; % cm , molecular diameter of annulus gas 
limda=88.67;  % cm, mean free path between collisions of a molecule 
h34=Kstd/((D3/2*log(D4/D3))+b*limda*(D3/D4+1)) % W/m2.K, convection 
heat transfer coefficient  
syms T2 T3 
equ1=h1*D2*pi*(T2-T1-273.15)-2*pi*K23/log(D3/D2)*(T3-T2); 
equ2=q_ra*(EEF_abs) - pi*D3*h34*(T3-T4) -(Bolt*pi*D3*(T3.^4-
T4.^4))/(1/E3+(1-E4)*D3/(E4*D4))-2*pi*K23/log(D3/D2)*(T3-T2); 
[T2,T3]=solve(equ1,equ2); 
format short 
(real(T2))    % inner absorber temperature 
real(T3)      % outer absorber temperature 
  
Qloss=(pi*D3*h34*(T3(1)-T4)+(Bolt*pi*D3*(T3(1).^4-T4.^4))/(1/E3+(1-
E4)*D3/(E4*D4))+q_ra*ABS_env*In*Endloss*K); % heat loss 
Q=(abs(Qloss-q_loss)) 
  
if double(Q)<1 
    break  
end  
 end  
q_gain=(h1*D2*pi*(T2(1)-T1-273.15))*L    %W, heat gain 
Effecicency=q_gain/q_ra0*100/L/W         % Efficiency of the collector 
  
 m=Ro1*u1*(pi/4*(D2.^2)); % mass flow rate 
 Tout= (((q_ra*(EEF_abs)+q_ra*ABS_env*In*Endloss*K-
(Bolt*pi*D3*(T3(1).^4-T4.^4))/(1/E3+(1-E4)*D3/(E4*D4))-
pi*D3*h34*(T3(1)-T4))*0.24)/(m*Cp1)+T1)% outlet temperature 
T1=Tout 
   End  
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Appendix B 
Experimental data on February 19, 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
time 
Tin 
(   
Tout 
(   
Volumetric 
Flow rate 
(GPM) 
Ambient 
temperature 
(   
wind speed 
(m/s) 
9:45  
30.4 32 1 20 2.2 
10:15 
35.8 37.9 1 21 2.2 
10:45 
40.9 43.3 1 22.2 2.8 
11:15 
41.5 44.1 1 23.3 2.8 
11:45 
41.6 44.3 1 23.8 2.8 
12:15 
41.3 44.4 1 25 3.1 
12:45 
40.8 43.8 1 26 3.1 
13:15 
42.5 45.7 1 26 3.1 
13:45 
45.3 48.35 1 26.6 3.8 
14:15 
45.4 48.4 1 26.6 3.8 
14:45 
43.9 46.6 1 26.6 3.1 
15:15 
42.3 44.7 1 26.6 3.1 
15:45 
40 42.1 1 26 3.7 
16:15 
38.7 40.45 1 25.5 3.7 
